The effects of seawater corrosion and freeze-thaw cycles on the structural behavior of fatigue damaged reinforced concrete (FDRC) beams were experimentally studied. Results show that the residual strength of FDRC beams reduces as the fatigue load level (the ratio of maximum fatigue load to the ultimate static load) increases. The reduction in the loading capacity of FDRC beams in atmosphere environment was about 6.5% and 17.8% for given fatigue load levels of 0.2 and 0.3, respectively. However, if FDRC beams are exposed to the environment of seawater wet-dry cycles or to the environment of alternating actions of freeze-thaw and seawater immersion, as expected during the service life of RC bridge structures in coastal regions or in cold coastal regions, a more rapid reduction in the strength and stiffness of the beams is observed. The significance of an accurate simulation of working load and service condition RC bridge structures in coastal regions and cold coastal regions is highlighted.
Introduction
The bearing capacity and durability of in-service reinforced concrete (RC) bridges may gradually deteriorate due to traffic loads. In particular, the expected service life of fatigue damaged RC (FDRC) bridges in cold coastal region may be greatly reduced by chloride corrosion and freeze-thaw cycles. For example, severe cracking and steel corrosion [1] have been found in some RC bridges in coastal Shandong province in China. Although these bridges have serviced for only ten years, the loading capacity and durability of the bridges have greatly degraded due to the harsh environment.
The fatigue behavior and mechanism of RC structures have been investigated over the last century. Chang and Kesler [2] tested the fatigue capacity of RC beams and concluded that the fatigue fracture model was quite different with the variation of fatigue stress level. Ople and Hulsbos [3] experimentally confirmed that the fatigue strength of compression concrete in RC beams was higher than that of the axial compression concrete in column with the same concrete mixture. The testing results by Tepfer et al. [4] showed that, comparing with a sinusoidal triangular waveform, a rectangular waveform can result in a shorter fatigue life. Schläfli and Brühwiler [5] verified that the likelihood of RC bridges failure caused by fatigue compressing fracture was low and the current fatigue design methods were satisfactory. Existing researches of fatigue performance were focused on the fatigue life of RC structure, and few studies have been found on the bearing capacity deterioration of structure by cyclic loading. Muir and Bennett [6] experimentally studied the influence of the static strength and the maximum size of coarse aggregate upon the fatigue strength at 1,000,000 cycles and found the "run-out" specimens showed a marked increase in static strength comparing with those that were not cyclically fatigued. Award and Hilsdorf [7] studied the influence of maximum fatigue stress, fatigue stress amplitude, and age of concrete on the mechanical properties of concrete prism specimens, and the result showed that the residual static strength of concrete increased in the top 30% of the fatigue life of concrete and then decreased. Talreja and Weibull [8] reported that the residual strength of the steel specimens decreased as the number of loading cycles increased. Ling and 2 Advances in Materials Science and Engineering Li [9] confirmed that the residual strength of steel decreased as the number of loading cycles increased, indicating that the relaxation of the residual strength of steel in the early stage of fatigue loading cannot be ignored. Recent studies indicate that the working environment of RC structures has a significant impact on the fatigue behavior. Erosion environment can greatly reduce the fatigue life of RC structures [10] . Radian [11] studied the fatigue life of RC beams under air environment, saltwater environment, and saltwater freezing and thawing environment. The results showed that the coupling action of service environment and fatigue load level (in the range of 0.41 to 0.92) had a great influence on the fatigue lives of RC beams. Al-Hammoud et al. [12] tested galvanic corroded RC beams under monotonic loading and fatigue loading and showed that the rate of corrosion affected the fatigue lives of RC beams. Wang and Gong [13] tested the deformation and fatigue lives of RC beams in the air, freshwater, and saltwater conditions, respectively, and observed that the fatigue lives under the air, freshwater, and saltwater conditions were 2,000,000, 910,000, and 330,000, respectively, when the fatigue load level was 0.55.
Yuan et al. [14] studied the effects of freeze-thaw cycles on concrete pores by X-ray CT and results indicated that frost failure gradually developed from surface to interior of concrete specimens as the number of freeze-thaw cycles increases. Diao et al. [15] performed testing for cracked RC beams under the environment of alternating seawater wetdry and freeze-thaw cycles. The results showed that seawater erosion and freezing-thawing could accelerate the deterioration of RC beams, and the contribution from freezing and thawing was larger than that of pure seawater erosion.
Most of the existing studies focus on the experimental investigation of the fatigue limit of RC structures with a fatigue load level that is usually larger than 0.40. Few studies have been focused on the fatigue durability of RC structures under the practical working condition. In this study, the actual working condition of RC bridges was simulated using the following steps. First, RC beams were fatigue loaded at different load levels with a prescribed number of cycles. Next, RC beams were exposed to the seawater wet-dry environment or to the alternative environment of freeze-thaw cycles. Finally, the RC beams were statically tested and the performance degradation of the beams was studied.
Specimen Design and Testing Procedures
2.1. Specimen Design. The practical working condition was simulated here to investigate the fatigue durability of RC structures. The comprehensive effects of fatigue damage and environment were considered. The low fatigue load levels (0.0, 0.2, and 0.3) were selected. The maximum number of fatigue loading cycles was determined as 200,000 to represent the early stage of the fatigue life of RC beams. Next, the FDRC beams were exposed to the environment conditions of air, seawater wet-dry cycles, and alternations of freeze-thaw and seawater immersion, respectively. The effects of fatigue load level and working environments on residual strength of RC beams were studied by static loading test.
Two sets of specimens were prepared. The first set consists of a total of 9 plain concrete specimens for material property tests. The second set includes 20 RC beams for structural deterioration tests. Parameters of the concrete mix are shown in Table 1 . The mix has a maximum aggregate size of 8 mm and a gas content of 5.4%.
Nine plain concrete specimens were made and were equally divided into three groups. The first group was exposed to an environment of seawater wet-dry cycles. The second group was exposed to an alternating environment of freezethaw and seawater immersion. The third group was exposed to the air as a reference. The dimensions for all specimens were 100 mm × 100 mm × 100 mm.
All RC beam specimens had the same dimensions of ×ℎ× = 100 mm × 150 mm × 800 mm and the same arrangement of reinforcement bars. The reinforcement details are shown in Figure 1 . The longitudinal reinforcement of beams has a size of 2Φ10; the reinforcement ratio is of 1.05%.
A reference beam specimen was tested with a static loading at the age of 176 days, and the ultimate load was obtained as = 47.5 kN. To study the effects of fatigue load level and working environments on residual strength of RC beams, the remaining 19 specimens were divided into 9 groups according to three fatigue loading levels and three environment conditions. The three fatigue loading levels were 0.0, 0.2, and 0.3, respectively. And the three environment conditions were air, seawater wet-dry, and alternating freeze-thaw and seawater immersion, respectively. Denote the beams in the air as A series, in the seawater wet-dry Wet-dry
Freeze-thaw as B series, and in alternating freeze-thaw and seawater immersion as C series. Details of testing parameters for each of the groups are shown in Table 2 .
Test Procedures.
All tests were performed in the Civil Engineering Laboratory and the Fatigue Laboratory at Beihang University in Beijing. All specimens were demolded after 24 hours of casting and were cured under standard temperature and moisture conditions. The beam specimens of 9 groups (three series) at the age of 180 days were cyclically loaded on MTS fatigue testing machine for 200,000 cycles. The detailed loading parameters are shown in Table 2 , and the loading setup is shown in Figure 2 . Four-point bending sine wave with a frequency of 5 Hz was used. The loading process was automatically controlled by a computer. Environment simulation of FDRC beam specimens was carried out after fatigue testing. Beam specimens of A series were placed in the air for 100 days, specimens of B series were exposed to seawater wet-dry cycles, and specimens of C series were exposed to alternative actions of seawater immersed and freeze-thaw cycles. The procedure of seawater wet-dry cycles was designed to immerse the specimens in seawater for 12 h and then expose the specimens to the air for 12 h as one cycle. The procedure was repeated until 100 cycles were finished. The procedures of alternative actions of seawater immersed and freeze-thaw cycles were 300 freeze-thaw cycles and 100 times of seawater immersion, as described by Diao et al. [15] .
The seawater used in current study was the artificial mixed solution of sodium chloride (NaCl) and magnesium sulfate (MgSO 4 ) with a mass ratio of 3% and 0.34%, respectively.
All beam specimens except B7 were statically loaded until failure, while the rebar in the beam specimen B7 was tested by monotonous tension. The static loading terminated when one of the three conditions was met: the tensile reinforcement fractured, the ultimate load was decreased by the amount of 15%, and the middle deflection was larger than 1/50 of the beam span. Table 3 shows the compressive strength of concrete specimens. Comparing with the specimens of the reference group, the average compressive strength of the specimens after seawater wet-dry cycles (100 times) decreased by 1.9%. The average compressive strength of the specimens after alternating freeze-thaw (300 times) and seawater immersion (100 times) decreased by 8.1%. This means that seawater wet-dry cycles (100 times) have no significant impact on the compressive strength of concrete specimens, and, due to the discreteness, the compressive strength of specimen a-3 under air condition is a little bit lower than b-1 and b-2 under seawater condition.
Results and Discussion

Material Test Results
Compressive Strength of Plain Concrete.
Strength of Rebar Specimens.
The four rebar specimens were tested by monotonous tension, named reference group in Table 4 . And two rebar specimens in the FDRC beam specimen B7, named fatigue group, were also tested; the rebar shown in Figure 3 was cut from specimen B7 (the remaining strength of B7 was not tested, but seawater wet-dry cycles condition for B7 was the same with B5 and B6). The strength of all rebar specimens was listed in Table 4 .
Since there was no yielding point in the stress-strain curves of the reference group rebar, the yield strength was taken as the stress corresponding to 0.2% residual strain according to the Chinese code for design of concrete structures (GB 50010-2010). It can be seen from Table 4 that the yield strength of rebar specimens decreased significantly after fatigue loading, but the ultimate strength has no significant variation. The strain-stress curves shown in Figure 4 indicate that the elastic modulus for each of the groups was almost the same, with an average of = 248 GPa. The residual yield strength and ductility of rebars in the fatigue group reduced at the fatigue load level of 0.3. The ultimate stress remains at the same level in the strain range of 2000 -6000 . It should be noted that Talreja and Weibull [8] and Ling and Li [9] also reported that the residual strength of steel specimens monotonically decreased as the number of fatigue load cycles increased based on numerous test data and statistical regression. This agrees well with the conclusion drawn from this case study that the residual yielding strength of fatigue bars decreased.
Fatigue Bending Loading.
The fatigue load level for beam specimens A3, A4, B3, B4, C3, and C4 was 0.2. All these specimens showed a crack at the bottom of middle span within the first 200 cycles of loading. Cracks initiated from the bottom were propagated to the location of the tensile reinforcement (40 mm from the bottom of the beam). As the number of cycles increased, a second crack appeared parallel to the first crack. The crack lengths of the two cracks were almost identical. The maximum fatigue load level for A5, A6, B5, B6, B7, C5, and C6 was 0.3. All these beam specimens developed a crack at the bottom of middle span in the first cycle. Cracks propagated from the bottom up to the location of compression reinforcement (110 mm above the bottom of the beam). With continuous loading parallel cracks appeared near the first crack. The lengths of the new cracks were shorter than the first crack. Figure 5 shows the fatigue cracks of specimen A6. The width and length of cracks and the total number of cracks are shown in Table 5 . It can be observed that with the increasing load the number of cracks, the length, and the width of cracks also increased. The relationship of the number of loading cycles and deflection at midspan of beam specimens was shown in Figure 6 at the fatigue load level of 0.2. As shown in Figure 6 , the midspan deflection of beam specimens increased rapidly in the first 100 cycles and then slowed down. The average maximum midspan deflection of the specimens was 0.893 mm in the last cycle and the coefficient of variation (COV) was 0.043.
The relationship of the number of loading cycles and the maximum tensile strain and residual strain of tensile rebar are shown in Figure 7 . It can be seen from Figure 7 that the maximum strain of rebar increased rapidly in the first 1000 loading cycles and increased slightly afterwards. But the residual strain increased faster than the maximum strain; this means that the plastic deformation of tensile rebar gradually Advances in Materials Science and Engineering 5 increased with the cycles of fatigue loading increased. The average maximum strain of tensile rebar was 423 in the last cycle and the COV was 0.055; the average residual strain of tensile rebar was 145 in the last cycle and the COV was 0.148. The midspan deflection of beams and the strain of tensile rebar are shown in Figures 8 and 9 at the fatigue load level of 0.3, respectively. Compared with the results at fatigue load level 0.2, the range of the midspan deflection of beam specimens increased significantly. The curves in Figure 8 showed a large variation of the maximum deflection in terms of amplitude and increasing rate. The average maximum midspan deflection of beams was 1.315 mm in the last cycle and the COV was 0.110. Figure 9 shows that the residual strain of tensile rebar increased slowly when the number of fatigue loading cycles was larger than 1000. The average maximum strain of tensile rebar was 820 in the last cycle and the COV was 0.117. The average residual strain of tensile rebar was 461 in the last cycle and the COV was 0.181.
At the fatigue load level of 0.2, the COV of the maximum midspan deflection, the maximum tensile strain, and the residual tensile strain of rebar were 0.043, 0.055, and 0.148, respectively. At the fatigue load level of 0.3, the COV of the maximum midspan deflection, the maximum tensile strain, and the residual tensile strain of rebar were 0.110, 0.117, and 0.181, respectively. This indicates that as the fatigue load level increased, the plastic deformation of the specimen increased and the variation of the test results became larger. Table 6 shows the variation of the ratio of residual strain to maximum strain of tensile rebar with the number of fatigue Within the first 1000 cycles, the ratio showed a sharp rise. For the fatigue load level of 0.2, the ratios of the residual strain to the maximum strain of tensile rebar were smaller than 0.40 after 200,000 fatigue loading cycles. For fatigue load level 0.3, the ratios were generally larger than 0.50 after 200,000 fatigue loading cycles.
Seawater Wet-Dry Cycles Test.
The surface color of beam specimens of B series turned from light gray to pale yellow when increasing the number of wet-dry cycles. Specimens B3, B4, B5, B6, and B7 showed a significant phenomenon of selfhealing in seawater wet-dry cycles. It can be seen in Figure 10 that there were three fatigue cracks with the max width of 0.07 mm, 0.10 mm, and 0.09 mm in beam specimen B5 before seawater dry-wet cycles. But after 100 cycles of seawater drywet only two cracks can be observed and the max width of the two cracks is 0.05 mm. It might be caused by the selfrecovery performance of concrete. Şahmaran [16] reported that the deposit on the self-healing crack surface was calcite (CaCO 3 ) by X-ray diffractogram and proved that concrete hydration was an exclusive cause of self-healing. The number of observed fatigue cracks during the procedures of seawater wet-dry cycles is shown in Table 7 . In this table, 0 cycles mean the number of seawater wet-dry cycles is 0. It was observed that both the number of cracks and the maximum of the crack width were reduced when the number of wet-dry cycles increased. Most of the initial cracks disappeared after 100 cycles.
Alternating Actions of Freeze-Thaw and Seawater Immersion Test.
The surface color of beam specimens of C series turned from light gray to taupe as the number of freeze-thaw cycles increased. In this series, cracks of beam specimens did not show an obvious self-healing. Some cracks even became wider and clearer after applying the freeze-thaw cycles. It can be seen in Figure 11 that there were four fatigue cracks with the maximum width of 0.11 mm, 0.12 mm, 0.09 mm, and 0.09 mm in beam specimen C5 before freezethaw cycles. After 300 freeze-thaw cycles, there were still four fatigue cracks and the maximum width changed to 0.12 mm, 0.10 mm, 0.07 mm, and 0.10 mm. The change of width is small, and it might be due to the fact that freeze-thaw cycles prevented the self-recovery of concrete. The variation of fatigue cracks during the alternating freeze-thaw and seawater immersion test is shown in Table 8 . In this table, 0 cycles mean the number of freeze-thaw cycles is 0. It can be seen that the numbers of cracks remained unchanged and the maximum crack width became larger with increasing the number of cycles.
Comparisons between the beam specimens of series B and series C revealed the following facts. The width of crack of specimens in series B (i.e., seawater wet-dry cycles) decreased gradually, and the width of cracks of specimens in series C (i.e., alternating freeze-thaw and seawater immersion) did not decrease; some even became larger.
Residual Strength Test of Beams.
Beam specimens without fatigue loading were A1, A2, B1, B2, C1, and C2. In the static loading process, the first vertical cracks appeared in the midspan, and cracking load was 5.42 kN, 5.65 kN, 5.64 kN, 5.79 kN, 4.71 kN, and 4.03 kN, respectively. With the increasing load cracks gradually developed, and the parallel cracks appeared. When cracks propagated to the location of the compression reinforcement, the tensile reinforcement yielded and the concrete compression zone crushed.
Another observation is that in the static loading process the original fatigue cracks of the test specimens further propagated, and new cracks appeared (Figure 12 ). Both the previous cracks (before applying the static load) and newly developed cracks (due to the static load) appeared in the vicinity of midspan. The specimen broke when cracks propagated to the location of the compression reinforcement, causing the yielding of tensile reinforcement and the crushing of the concrete compression zone along the fatigue cracks. Figures 13-15 show the final fracture morphology of three series beam specimens. The fractures of FDRC beams were all along the fatigue cracks of the midspan. Tables 9-11 show the residual capacity test results of the beams. The term is the midspan deflection when beam yielded, and the term is the midspan deflection at the ultimate load. The ductility factor is defined as the ratio of the ultimate deflection to the yield deflection. The yield modulus is the ratio of the yield load to the yield deflection. Figures 16-18 show load-deflection curves of beams under different working environments. When fatigue loading level changed, each load-deflection curve had an approximate similar monotonic trend. For example, the yield load, ultimate load, and the stiffness of the beams decreased as the fatigue load level increased. However, due to the impact of different work environments, the stiffness varied differently.
It can be seen from Table 9 and Figure 16 that the yield load and ultimate load of specimens in A series decreased with the increasing fatigue load level, but the yield deflection and ultimate deflection were not significantly reduced. Muir and Bennett [6] and Award and Hilsdorf [7] revealed that residual compressive strength of concrete did not reduce in the early stage of fatigue loading. It can be inferred that the decrease of flexural capacity of A series beams was mainly caused by the degradation of residual strength of reinforcement bars and bending stiffness of RC beams. Compared with beams A1 and A2 (without fatigue loading), the yield load of beams A3 and A4 (fatigue load level 0.2) decreased, which indicated that the elastic stage was shortened due to the loading. The yield moduli of beams A5 and A6 (fatigue load level 0.3) decreased significantly, indicating that the stiffness of the beam was weakened due to fatigue loading. It can be seen from Table 10 and Figure 17 that the yield load and ultimate load of beam specimens in B series decreased with the increasing fatigue load level. The yield moduli of specimens B5 and B6 (fatigue load level 0.3) decreased significantly, indicating the reduction of the stiffness due to the fatigue loading.
It can be seen from Table 11 and Figure 18 that the yield load and ultimate load of specimens in C series decrease with an increasing fatigue load level, but the yield deflections and ultimate deflections do not decrease significantly.
Based on the results shown in Tables 9-11 , the yield strength, ultimate strength, and yield moduli of the specimens without fatigue loading decreased significantly due to the alternating freeze-thaw and seawater immersion; however, those quantities were not affected too much by seawater wet-dry cycles. For specimens at the same fatigue loading level, the yield strength, yield modulus, and ultimate strength of C series are the smallest ones among the three series. The values of the three variables in B series are smaller than those of A series.
Figures 19-21 present load-deflection curves of the beams at the same fatigue load level but in different environment conditions. It can be seen from Figures 19-21 that the ultimate strength of B series beams was smaller than that of the A series beams, and the ultimate strength of C series beams was smaller than that of the B series beams. Based on the results in Figures 19-21 , it can be concluded that the yield strength and ultimate strength of beams were reduced due to the action of the seawater wet-dry cycle or alternating freeze-thaw and seawater immersion. For FDRC beams at the fatigue load level of 0.2, the action of seawater wet-dry cycles and alternating freeze-thaw and seawater immersion not only reduced the yield strength and ultimate strength, but also affected the elastic stiffness. The alternating freeze-thaw and seawater immersion had a more severe impact on the deterioration of the mechanical behavior of beam specimens. For FDRC beams at the fatigue load level of 0.3, although the environment conditions affected the yield strength, ultimate strength, and the elastic stiffness, the contribution of wet-dry cycles and freeze-thaw cycles was less than that introduced by the increment of fatigue amplitude. Figure 22 shows the load-bending stiffness curves of the beam specimens. The curves describe the variation of bending stiffness of the beam specimens in the static loading process. The bending stiffness (BS) is defined as the ratio of flexural moment to the curvature at midspan during static loading. As shown in Figure 22 , BS of A series beams decreased significantly with the increasing of the fatigue load level. BS of case A6 was very small because of the discreteness of initial stiffness and concrete fatigue damage of RC beams. BS of B series beams was close when the load was less than 32 kN and had larger difference when the load became larger. This showed that the seawater wet-dry cycles reduced BS of beams, and the reduction of BS of beams magnified the deterioration effect of fatigue damage when the load was larger than 32 kN. BS of C series beams was almost identical in all static loading procedures. This showed that the alternating freeze-thaw and seawater immersion decreased the BS of beams regardless of the fact that the beams had been fatiguedamaged or not. Comparing curves with the same fatigue load level in Figure 22 , it can be seen that the seawater wet-dry cycles and alternating freeze-thaw and seawater immersion decreased BS of beams significantly. The specific results are in Table 12 . Table 13 shows results of residual capacity test for beams in different erosional environments after fatigue testing at different fatigue load levels. The 3rd column shows the average yield load of each group and the 4th column shows the reduction of beam specimens of each group with respect to the average yield load of specimens A1 and A2. The 5th column is the average yield modulus of each group, and the 6th column is the reduction of each group with respect to the average yield modulus of specimens A1 and A2. The 7th column is the average ultimate load of each group, and the 8th column is the reduction of each group with respect to the average ultimate load of specimens A1 and A2.
It can be seen from the 3th and 4th columns in Table 13 that the yield strength of beam specimens decreased as the fatigue load level increased under the same working environment. Compared with the yield strength obtained in the air, the seawater wet-dry cycles and alternating freezethaw and seawater immersion cycles can both increase the amount of reduction in yield strength of the FDRC beams. For beams without fatigue damage, seawater wet-dry cycles had a very small effect on the yield strength, but alternating freeze-thaw and seawater immersion decreased the yield strength significantly. This is consistent with the results of the concrete cube test. In the concrete cube test it was shown that under the same conditions of reinforcement the yield strength of beams depends on the strength of the concrete.
It can be seen from the 5th and 6th columns in Table 13 that the yield moduli of beam specimens had a small change in the air environment when the fatigue load level was low, but when the fatigue load level increased to 0.3, the yield moduli of specimens decreased significantly. Seawater wet-dry cycles and alternating freeze-thaw and seawater immersion cycles both increased the reduction of yield moduli of beams fatigue damage, and the yield moduli of specimens had a significant reduction when the fatigue load level was small. Without fatigue damage, the yield moduli of specimens in all three working environments were close. With fatigue damage, the yield moduli of B series of beams were smaller than those of the A series of beams. The C series of beams had smaller yield moduli than that of the B series of beams.
The data in the 7th and 8th columns of Table 13 show that the ultimate strength of beam specimens decreased as the fatigue load level increased in the same working environment. Compared with the ultimate strength obtained from specimens in the air (A series), seawater wet-dry cycles (B series) and alternating freeze-thaw and seawater immersion cycles (C series) both increased the amount of reduction in ultimate strength of FDRC beams. The ultimate strengths of beam specimens of B series were lower than those of A series, and those of C series were lower than B series. Figure 23 shows the average variation of yield strength and ultimate strength of each series of beam specimens at different fatigue load levels. It can be seen that the yield strength of A series and B series decreased linearly as the fatigue load level increased. The ultimate strength of three series all decreased with an approximately similar speed as the fatigue load level increased. When the fatigue load was 0, the amount of reduction for C series with respect to A series was about 2 times of that for B series with respect to A series. While fatigue load level was 0.2, this quantity was about 1.6. When the fatigue load level was no more than 0.2, the amount of reduction of C series with respect to A series and the amount of reduction of B series with respect to A series remained the same. The amount of reduction for B series with respect to the A series decreased. When the fatigue load level was 0.3, the ultimate strengths of the B and C series simultaneously reduced comparing with the ultimate strength of the A series. It was the fatigue damage that contributes significantly to the deterioration of flexural performance. Figure 24 shows that the yield moduli of beam specimens vary with the fatigue load level. It is shown that the yield moduli of A series and B series did not decrease when the fatigue load level was less than 0.2, but the yield moduli decreased rapidly at the load level of 0.3. This means that low fatigue load level (no more than 0.2) cannot decrease the yield modulus of RC beam under air environment and seawater wet-dry cycling environment. Because of the discreteness of yield moduli, the yield moduli of the beams of A series and B series at the fatigue load level of 0.2 were larger than that at the fatigue load level of 0.0. The yield moduli of C series beam specimens decreased linearly as the fatigue load level increased.
Conclusion
(1) The residual bending capacity of FDRC beams in the air reduces as the fatigue load level increases. The reduction of bearing capacity is mainly due to the reduction of yield strength of the reinforcement bars, and the decrease of bending stiffness is caused by fatigue damage accumulation.
(2) The residual yield load and ultimate load of the beams without fatigue damage can be decreased by the seawater wet-dry cycles and the alternating freeze-thaw and seawater immersion cycles. This is mainly due to the decrease of the concrete compressive strength.
(3) The residual yielding strength and ultimate strength of FDRC beams under the environment of seawater wetdry cycles reduce as the fatigue load level increases. The residual yielding strength and ultimate strength of FDRC beams under the environment of alternating freeze-thaw and seawater immersion cycles reduce as the fatigue load level increases. Contributions from the three factors to the reduction, from smaller to larger, are air, seawater wetdry, and alternating freeze-thaw and seawater immersion, respectively. (4) The fatigue cracks of beams exhibit self-healing in the environment of seawater wet-dry cycles; however, the self-healing is not obvious in the environment of alternating freeze-thaw and seawater immersion cycles. 200,000 cycles of fatigue loading at small fatigue load levels, for example, 0.2 and 0.3 in this study, can introduce serious deteriorations of mechanical behavior of RC beams due to the synthetic actions of fatigue damage and erosion environment and can jeopardize the structural integrity. The quantitative modeling of combined effect to FDRC structures will be investigated in the future.
